
Abstract- It is necessary to determine both ventricular and
myocardial mechanical properties for the assessment of cardiac
contractility in patients with heart disease. It is important to
establish a framework to integrate myocardial properties into
ventricular time-varying elastance for understanding the
pathophysiology of heart failure. We measured myocardial
mechanical properties by imposing minute sinusoidal vibration
of different frequencies. Analysis between the amplitude and
phase of force relative to those of displacement of at least two
frequencies yielded elastance, viscosity, and inertia. Of these,
elastance and viscosity were time varying, while inertia was
constant during cardiac cycle. Applications of vibration of two
different frequencies simultaneously have realized the online
monitoring of myocardial properties continuously.
Keywords- Myocardial elastance, Material property, Time-
varying elastance*

I. INTRODUCTION

Ventricular mechanical properties, such as end-systolic
and end-diastolic pressure-volume relationships, are of
clinical importance as they determine the pump function of
the heart. Ventricular properties are, in turn, theoretically
considered to be determined by integrating myocardial
mechanical properties according to the geometric
arrangement of myocardium. It is unsolved, however, to
establish a framework to integrate myocardial properties
into ventricular properties and vice versa. The methods to
measure myocardial mechanical properties remain also
limited.

Measurements of myocardial properties are important
for understanding the pathophysiology of heart failure
because the impaired ventricular properties may result from
both abnormalities of myocardium per se and those of
myocardial arrangement. Therefore, it is necessary to
combine methods to measure both ventricular and
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myocardial elastance. To approach these problems, we
developed a method to measure time-varying elastance,
viscosity and inertia of myocardium by imposing minute
sinusoidal vibration on myocardial wall. Additionally, by
imposing dual-frequency vibration, we developed an online
monitoring of myocardial elastance.

II. METHODOLOGY

A. Model of myocardial mechanical properties
We lumped myocardial mechanical properties into three

components, elastance, viscosity, and inertia (mass). We
modeled these elements being connected in parallel. As
expected from the time-varying nature of ventricular
mechanical properties, these elements may be time varying.
Elastance, viscosity, and inertia generate force that is
proportional to displacement, velocity, and acceleration,
respectively. Because the measured force is the sum of these,
it follows that
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where F is force, D is displacement, and E, V, and M are
elastance, viscosity, and inertia, respectively. Given D =
A•sinωt, F is given by
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If one knows the amplitude and phase of force relative to
displacement, it is easy to determine E-Mω2 (in-phase
amplitude ratio) as well as Vω (orthogonal amplitude ratio).
E and M can be separately obtained by combining the meas-
urements at multiple frequencies. The time-varying nature
of each element was obtained by analyzing piecewise data
consisting of a single sinusoidal wave [1].

B. Animal preparation
In 13 dogs anesthetized with pentobarbital, we isolated

heart and perfused it retrogradely with arterial blood from
another support dog. We poked myocardial wall according
to small-amplitude high-frequency sinusoidal waves by a
mechanical stimulator. We selected the amplitude large
enough to detect force changes but not too large to depress
contractility. We continuously measured the displacement of
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the stimulator probe, and the force that is required for this
myocardial displacement using the displacement and force
transducers equipped with the mechanical stimulator.

C. Online monitoring by imposing dual-frequency vibration
We have to impose vibration of two different

frequencies to uniquely determine E and M. It is quite
inappropriate to impose two different vibrations separately,
to monitor the changes in mechanical properties
continuously, or to examine the rapidly changing
mechanical properties such as in the case of arrhythmias.

To circumvent these limitations, we developed a method
to impose two different vibrations simultaneously. During
the digitization of force and displacement signals, we
simultaneously multiplied each signal with each of the
imposed sinusoidal wave and then applied digital low-pass
filter to obtain the changes in in-phase amplitude ratio.
Orthogonal amplitude ratio was similarly obtained by
multiplying sinusoidal wave with the same frequency but
orthogonal to the original vibration. We examined if this
dual-frequency method is capable of measuring mechanical
properties as the method of imposing vibrations separately.

III. RESULTS

A. Examination of the frequency range where model
describes the myocardial behavior well

In Fig. 1, we plotted the relationship between the in-
phase amplitude ratio (vertical axis) and ω2 (horizontal axis).
The model predicts that these are linearly correlated with the
slope of –M and the vertical-axis intercept of E.  Because
the elastance is expected to change cyclically with the
cardiac cycle, and the mass of the sampling volume is likely
to be relatively constant, linear relations are considered to
shift in a parallel manner.

Results of experiments revealed that the relationship
between the in-phase amplitude ratio and ω2 was linear
throughout the cardiac cycle, as predicted, if we only focus
ω>70 Hz (Fig. 1). The slope was relatively constant with
vertical-axis intercept changing according to the cardiac
cycle.

The relationship between the orthogonal amplitude ratio
and ω was also linear and the slope increased during systole
(data not shown). This indicates that myocardial viscosity is
also time varying.

B. Validation of time-varying myocardial elastance
We obtained myocardial elastance and mass as a

function of time in cardiac cycle from the changes in
intercept and slope. Fig. 2 summarizes the pooled changes in
elastance (upper panel) and in inertia (lower panel).
Viscosity increased in systole and decreased in diastole,
similar with elastance (data not shown).

Fig. 1. The relationship between the in-phase amplitude ratio (real part of
complex force-displacement relationship) and square of vibration frequency

(ω2) for different time from onset of systole

We compared time-varying myocardial elastance with
the simultaneously measured time-varying ventricular
elastance; these changes correlated well. The maximal
myocardial elastance increased with dobutamine, and
decreased with propranolol. It was relatively insensitive to
the changes in preload. Regional ischemia decreased
myocardial elastance only in ischemic area.

C. Online monitoring by imposing dual-frequency vibration
Fig. 3 illustrates an example of comparison between

ventricular and myocardial time-varying elastance measured
with dual-frequency vibration. These elastance values
correlated well throughout a cardiac cycle, indicating the
capability of online time-varying elastance measurement.

Fig. 4 shows the correlation between myocardial end-
systolic elastance obtained by dual-frequency method and
ventricular elastance. Correlation between these were better
than correlation between elastance obtained by imposing
vibration separately.

Fig. 2. Changes in elastance and inertia within a cardiac cycle determined
by intercept and slope of the relation between in-phase amplitude ratio

and square of vibration frequency.



Fig. 3. Ventricular and myocardial time-varying elastance
measured with dual-frequency vibration.
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Fig. 4. Correlation between myocardial end-systolic elastance obtained by
dual-frequency method and ventricular elastance, and between elastance

obtained by imposing vibration separately and ventricuar elastance.

IV. DISCUSSION

The results of this study indicate that myocardial
elastance can be measured by imposing sinusoidal minute
vibration of at least two different frequencies on myocardial
wall. The myocardial elastance, thus obtained, showed
desired characteristics, such as being a material property,
time-varying nature with cardiac cycle, contractility
dependence, independence of loading condition,
manifestation of regional property.

Additionally, myocardial elastance can be obtained by
imposing dual-frequency vibration (i.e., imposing vibration
with two different frequencies at the same time) instead of
imposing them separately. This enabled one to develop
online monitoring device of myocardial elastance. Because
separation of two vibrations and analysis of amplitude and
phase is realized with application of digital filters, one can
obtain elastance data only with delay of digital filters.

V. CONCLUSION

In summary, we developed a method to measure
myocardial elastnance by imposing minute vibration.
Introduction of dual-frequency vibration enabled one to
measure elastance online.

REFERENCES

[1] T. Shishido, M. Sugimachi, O. Kawaguchi, H. Miyano,
T. Kawada, W. Matsuura, et al, “A new method to
measure regional myocardial time-varying elastance
using minute vibration,” Am. J. Physiol. (Heart and Circ.
Physiol.), vol. 274, pp. H1404-H1415, 1998.

0

5

10

0.0 0.5 1.0
Myocardial elastance

e(t) (x106 dyne/cm)

V
en

tr
ic

ul
ar

 e
la

st
an

ce
E

(t
) (

m
m

H
g/

m
l)


	Main Menu
	-------------------------
	Welcome Letter
	Chairman Address
	Keynote Lecture
	Plenary Talks
	Mini Symposia
	Workshops
	Theme Index
	1.Cardiovascular Systems and Engineering 
	1.1.Cardiac Electrophysiology and Mechanics 
	1.1.1 Cardiac Cellular Electrophysiology
	1.1.2 Cardiac Electrophysiology 
	1.1.3 Electrical Interactions Between Purkinje and Ventricular Cells 
	1.1.4 Arrhythmogenesis and Spiral Waves 

	1.2. Cardiac and Vascular Biomechanics 
	1.2.1 Blood Flow and Material Interactions 
	1.2.2.Cardiac Mechanics 
	1.2.3 Vascular Flow 
	1.2.4 Cardiac Mechanics/Cardiovascular Systems 
	1.2.5 Hemodynamics and Vascular Mechanics 
	1.2.6 Hemodynamic Modeling and Measurement Techniques 
	1.2.7 Modeling of Cerebrovascular Dynamics 
	1.2.8 Cerebrovascular Dynamics 

	1.3 Cardiac Activation 
	1.3.1 Optical Potential Mapping in the Heart 
	1.3.2 Mapping and Arrhythmias  
	1.3.3 Propagation of Electrical Activity in Cardiac Tissue 
	1.3.4 Forward-Inverse Problems in ECG and MCG 
	1.3.5 Electrocardiology 
	1.3.6 Electrophysiology and Ablation 

	1.4 Pulmonary System Analysis and Critical Care Medicine 
	1.4.1 Cardiopulmonary Modeling 
	1.4.2 Pulmonary and Cardiovascular Clinical Systems 
	1.4.3 Mechanical Circulatory Support 
	1.4.4 Cardiopulmonary Bypass/Extracorporeal Circulation 

	1.5 Modeling and Control of Cardiovascular and Pulmonary Systems 
	1.5.1 Heart Rate Variability I: Modeling and Clinical Aspects 
	1.5.2 Heart Rate Variability II: Nonlinear processing 
	1.5.3 Neural Control of the Cardiovascular System II 
	1.5.4 Heart Rate Variability 
	1.5.5 Neural Control of the Cardiovascular System I 


	2. Neural Systems and Engineering 
	2.1 Neural Imaging and Sensing  
	2.1.1 Brain Imaging 
	2.1.2 EEG/MEG processing

	2.2 Neural Computation: Artificial and Biological 
	2.2.1 Neural Computational Modeling Closely Based on Anatomy and Physiology 
	2.2.2 Neural Computation 

	2.3 Neural Interfacing 
	2.3.1 Neural Recording 
	2.3.2 Cultured neurons: activity patterns, adhesion & survival 
	2.3.3 Neuro-technology 

	2.4 Neural Systems: Analysis and Control 
	2.4.1 Neural Mechanisms of Visual Selection 
	2.4.2 Models of Dynamic Neural Systems 
	2.4.3 Sensory Motor Mapping 
	2.4.4 Sensory Motor Control Systems 

	2.5 Neuro-electromagnetism 
	2.5.1 Magnetic Stimulation 
	2.5.2 Neural Signals Source Localization 

	2.6 Clinical Neural Engineering 
	2.6.1 Detection and mechanisms of epileptic activity 
	2.6.2 Diagnostic Tools 

	2.7 Neuro-electrophysiology 
	2.7.1 Neural Source Mapping 
	2.7.2 Neuro-Electrophysiology 
	2.7.3 Brain Mapping 


	3. Neuromuscular Systems and Rehabilitation Engineering 
	3.1 EMG 
	3.1.1 EMG modeling 
	3.1.2 Estimation of Muscle Fiber Conduction velocity 
	3.1.3 Clinical Applications of EMG 
	3.1.4 Analysis and Interpretation of EMG 

	3. 2 Posture and Gait 
	3.2.1 Posture and Gait

	3.3.Central Control of Movement 
	3.3.1 Central Control of movement 

	3.4 Peripheral Neuromuscular Mechanisms 
	3.4.1 Peripheral Neuromuscular Mechanisms II
	3.4.2 Peripheral Neuromuscular Mechanisms I 

	3.5 Functional Electrical Stimulation 
	3.5.1 Functional Electrical Stimulation 

	3.6 Assistive Devices, Implants, and Prosthetics 
	3.6.1 Assistive Devices, Implants and Prosthetics  

	3.7 Sensory Rehabilitation 
	3.7.1 Sensory Systems and Rehabilitation:Hearing & Speech 
	3.7.2 Sensory Systems and Rehabilitation  

	3.8 Orthopedic Biomechanics 
	3.8.1 Orthopedic Biomechanics 


	4. Biomedical Signal and System Analysis 
	4.1 Nonlinear Dynamical Analysis of Biosignals: Fractal and Chaos 
	4.1.1 Nonlinear Dynamical Analysis of Biosignals I 
	4.1.2 Nonlinear Dynamical Analysis of Biosignals II 

	4.2 Intelligent Analysis of Biosignals 
	4.2.1 Neural Networks and Adaptive Systems in Biosignal Analysis 
	4.2.2 Fuzzy and Knowledge-Based Systems in Biosignal Analysis 
	4.2.3 Intelligent Systems in Speech Analysis 
	4.2.4 Knowledge-Based and Neural Network Approaches to Biosignal Analysis 
	4.2.5 Neural Network Approaches to Biosignal Analysis 
	4.2.6 Hybrid Systems in Biosignal Analysis 
	4.2.7 Intelligent Systems in ECG Analysis 
	4.2.8 Intelligent Systems in EEG Analysis 

	4.3 Analysis of Nonstationary Biosignals 
	4.3.1 Analysis of Nonstationary Biosignals:EEG Applications II 
	4.3.2 Analysis of Nonstationary Biosignals:EEG Applications I
	4.3.3 Analysis of Nonstationary Biosignals:ECG-EMG Applications I 
	4.3.4 Analysis of Nonstationary Biosignals:Acoustics Applications I 
	4.3.5 Analysis of Nonstationary Biosignals:ECG-EMG Applications II 
	4.3.6 Analysis of Nonstationary Biosignals:Acoustics Applications II 

	4.4 Statistical Analysis of Biosignals 
	4.4.1 Statistical Parameter Estimation and Information Measures of Biosignals 
	4.4.2 Detection and Classification Algorithms of Biosignals I 
	4.4.3 Special Session: Component Analysis in Biosignals 
	4.4.4 Detection and Classification Algorithms of Biosignals II 

	4.5 Mathematical Modeling of Biosignals and Biosystems 
	4.5.1 Physiological Models 
	4.5.2 Evoked Potential Signal Analysis 
	4.5.3 Auditory System Modelling 
	4.5.4 Cardiovascular Signal Analysis 

	4.6 Other Methods for Biosignal Analysis 
	4.6.1 Other Methods for Biosignal Analysis 


	5. Medical and Cellular Imaging and Systems 
	5.1 Nuclear Medicine and Imaging 
	5.1.1 Image Reconstruction and Processing 
	5.1.2 Magnetic Resonance Imaging 
	5.1.3 Imaging Systems and Applications 

	5.2 Image Compression, Fusion, and Registration 
	5.2.1 Imaging Compression 
	5.2.2 Image Filtering and Enhancement 
	5.2.3 Imaging Registration 

	5.3 Image Guided Surgery 
	5.3.1 Image-Guided Surgery 

	5.4 Image Segmentation/Quantitative Analysis 
	5.4.1 Image Analysis and Processing I 
	5.4.2 Image Segmentation 
	5.4.3 Image Analysis and Processing II 

	5.5 Infrared Imaging 
	5.5.1 Clinical Applications of IR Imaging I 
	5.5.2 Clinical Applications of IR Imaging II 
	5.5.3 IR Imaging Techniques 


	6. Molecular, Cellular and Tissue Engineering 
	6.1 Molecular and Genomic Engineering 
	6.1.1 Genomic Engineering: 1 
	6.1.2 Genomic Engineering II 

	6.2 Cell Engineering and Mechanics 
	6.2.1 Cell Engineering

	6.3 Tissue Engineering 
	6.3.1 Tissue Engineering 

	6.4. Biomaterials 
	6.4.1 Biomaterials 


	7. Biomedical Sensors and Instrumentation 
	7.1 Biomedical Sensors 
	7.1.1 Optical Biomedical Sensors 
	7.1.2 Algorithms for Biomedical Sensors 
	7.1.3 Electro-physiological Sensors 
	7.1.4 General Biomedical Sensors 
	7.1.5 Advances in Biomedical Sensors 

	7.2 Biomedical Actuators 
	7.2.1 Biomedical Actuators 

	7.3 Biomedical Instrumentation 
	7.3.1 Biomedical Instrumentation 
	7.3.2 Non-Invasive Medical Instrumentation I 
	7.3.3 Non-Invasive Medical Instrumentation II 

	7.4 Data Acquisition and Measurement 
	7.4.1 Physiological Data Acquisition 
	7.4.2 Physiological Data Acquisition Using Imaging Technology 
	7.4.3 ECG & Cardiovascular Data Acquisition 
	7.4.4 Bioimpedance 

	7.5 Nano Technology 
	7.5.1 Nanotechnology 

	7.6 Robotics and Mechatronics 
	7.6.1 Robotics and Mechatronics 


	8. Biomedical Information Engineering 
	8.1 Telemedicine and Telehealth System 
	8.1.1 Telemedicine Systems and Telecardiology 
	8.1.2 Mobile Health Systems 
	8.1.3 Medical Data Compression and Authentication 
	8.1.4 Telehealth and Homecare 
	8.1.5 Telehealth and WAP-based Systems 
	8.1.6 Telemedicine and Telehealth 

	8.2 Information Systems 
	8.2.1 Information Systems I
	8.2.2 Information Systems II 

	8.3 Virtual and Augmented Reality 
	8.3.1 Virtual and Augmented Reality I 
	8.3.2 Virtual and Augmented Reality II 

	8.4 Knowledge Based Systems 
	8.4.1 Knowledge Based Systems I 
	8.4.2 Knowledge Based Systems II 


	9. Health Care Technology and Biomedical Education 
	9.1 Emerging Technologies for Health Care Delivery 
	9.1.1 Emerging Technologies for Health Care Delivery 

	9.2 Clinical Engineering 
	9.2.1 Technology in Clinical Engineering 

	9.3 Critical Care and Intelligent Monitoring Systems 
	9.3.1 Critical Care and Intelligent Monitoring Systems 

	9.4 Ethics, Standardization and Safety 
	9.4.1 Ethics, Standardization and Safety 

	9.5 Internet Learning and Distance Learning 
	9.5.1 Technology in Biomedical Engineering Education and Training 
	9.5.2 Computer Tools Developed by Integrating Research and Education 


	10. Symposia and Plenaries 
	10.1 Opening Ceremonies 
	10.1.1 Keynote Lecture 

	10.2 Plenary Lectures 
	10.2.1 Molecular Imaging with Optical, Magnetic Resonance, and 
	10.2.2 Microbioengineering: Microbe Capture and Detection 
	10.2.3 Advanced distributed learning, Broadband Internet, and Medical Education 
	10.2.4 Cardiac and Arterial Contribution to Blood Pressure 
	10.2.5 Hepatic Tissue Engineering 
	10.2.6 High Throughput Challenges in Molecular Cell Biology: The CELL MAP

	10.3 Minisymposia 
	10.3.1 Modeling as a Tool in Neuromuscular and Rehabilitation 
	10.3.2 Nanotechnology in Biomedicine 
	10.3.3 Functional Imaging 
	10.3.4 Neural Network Dynamics 
	10.3.5 Bioinformatics 
	10.3.6 Promises and Pitfalls of Biosignal Analysis: Seizure Prediction and Management 



	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	Ö
	P
	Q
	R
	S
	T
	U
	Ü
	V
	W
	X
	Y
	Z

	Keyword Index
	-
	¦ 
	1
	2
	3
	4
	9
	A
	B
	C
	D
	E
	F
	G
	H
	I
	i
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Committees
	Sponsors
	CD-Rom Help
	-------------------------
	Return
	Previous Page
	Next Page
	Previous View
	Next View
	Print
	-------------------------
	Query
	Query Results
	-------------------------
	Exit CD-Rom


